The early intermediates in the protein aggregation pathway, the elusive soluble aggregates, play a pivotal role in growth and maturation of ordered aggregates such as amyloid fibrils. Blocking the growth of soluble oligomers is an effective strategy to inhibit aggregation. To decipher the molecular mechanisms and develop better strategies to arrest aggregation, it is imperative to understand how the size, molecular dynamics, activity and growth kinetics of soluble aggregates are affected when aggregation is inhibited. With this objective, in the present study we have investigated the influence of additives such as SDS, CTAB (cetyltrimethylammonium bromide) and DTT (dithiothreitol) on the slow aggregation of HEWL (hen eggwhite lysozyme) at pH 12.2. For this purpose, techniques such as steady-state and time-resolved fluorescence anisotropy of covalently labelled dansyl probe, gel-filtration chromatography, estimation of free thiol groups, thioflavin T and ANS (8-anilinonaphthalene-1-sulfonic acid) fluorescence, CD and atomic-force microscopy were employed to monitor the soluble oligomers over a period spanning 30 days. The results of the present study reveal that: (i) the spontaneous formation of soluble aggregates is irreversible and abolishes activity; (ii) the initial growth of aggregates (0-24 h) is promoted by a gradual increase in the exposure of hydrophobic surfaces; (iii) subsequently intermolecular disulfide bonds are critical for the assembly and stability of aggregates; (iv) the tight molecular packing inside large aggregates which contributed to slow (∼ 5 ns) and restricted segmental motion of dansyl probe was clearly loosened up in the presence of additives, enabling fast (1-2 ns) and free motion (unlike DTT, the size of lysozyme complexes with surfactants, was large, due to a conglomeration of proteins and surfactants); (v) the aggregates show reduced helical content compared with native lysozyme, except in the presence of SDS; and (vi) DTT was more potent than SDS/CTAB in arresting the growth of aggregates.
INTRODUCTION
Protein aggregation poses an important challenge in biology today. On one hand it is a common clinical symptom (amyloid) associated with several neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, Huntington's disease and so on [1] [2] [3] , whereas on the other hand it is an undesirable product (inclusion bodies) during bacterial overexpression of recombinant proteins in the biotechnology industry [4] . The molecular mechanism underlying this phenomenon is currently a topic of intense research [5] .
The similarity in the morphology and structure of diseaserelated amyloid among several diverse neurodegenerative diseases coupled with the likelihood of a common pathway for assembly of aggregates has generated hope that therapy for one disease may have implications for others [6] . Detection and structural details of early aggregates, which are the disease targets, are relevant if effective therapeutic strategies for inhibition of protein aggregation in solution need to be developed [7] . The former is an important issue with regard to early diagnosis of amyloid disease. Recent studies indicate that the insoluble amyloid fibrillar deposits that serve as the hallmark of neurodegenerative diseases are neuroprotective [8] . The misfolded soluble protein aggregates (soluble oligomers) that serve as precursors in the protein aggregation pathway are now widely believed to be the toxic species contributing to neuronal cell death [9] [10] [11] . Consequently targeting the growth of soluble aggregates formed early in the aggregation pathway could serve as an effective strategy to block aggregation and halt the progression of disease. We do not yet know how the biochemical activity, rotational dynamics and size of soluble aggregates change during their growth. How these functional and biophysical features differ on interaction with additives that inhibit aggregation is not understood. These details are essential to decipher the molecular mechanisms behind aggregation and design of potent inhibitors against it. In the present study we attempt to address these questions by investigating the interaction of small molecules such as ionic surfactants and DTT (dithiothreitol) with soluble aggregates of HEWL (hen eggwhite lysozyme), in a time-dependent manner, using techniques such as fluorescence anisotropy of labelled dansyl probe, gel-filtration chromatography, ThT (thioflavin T) and ANS (8-anilinonaphthalene-l-sulfonic acid) fluorescence, CD, activity assays, free thiol group estimation and AFM (atomicforce microscopy).
HEWL is structurally a well-characterized protein with a large number of three-dimensional structures deposited in the Protein Data Bank. Owing to its small size (129 residues) and excellent solubility in water, it can serve as a model protein to investigate the phenomenon of protein aggregation. Equilibrium-sedimentation experiments have shown that HEWL undergoes reversible pHdependent self-association at 1 mM [12] , where monomers are populated below pH 4.5 and higher aggregates between pH 9.8 and 11 [13] . Subsequently there have been several reports on the aggregation and amyloid fibril formation in HEWL under different conditions [14] [15] [16] [17] [18] [19] [20] [21] . In a previous study it has been observed that a camelid antibody fragment inhibits in vitro aggregation (at 48
• C, pH 5.5, 3 M urea) of D67H, an amyloidogenic variant of human lysozyme, whose wild-type is highly homologous in structure with HEWL [22] .
Previously we have shown that HEWL forms soluble aggregates gradually over a period spanning 0-20 h when exposed to an alkaline pH of 12.2 [23] . The progress of aggregation in this case was conveniently monitored in real time by employing the steadystate and nanosecond time-resolved fluorescence anisotropy of covalently labelled dansyl probe. We have shown that the long fluorescence lifetime of the dansyl probe (∼ 12 ns) is ideally suited to measure the slow rotational tumbling of large protein aggregates. It was also demonstrated that L-arginine/HCl was an effective inhibitor of lysozyme aggregation. In the presence of 0.9 M arginine overnight, the aggregates were broken into smaller oligomers. These oligomers, it was revealed, were considerably more unfolded as shown by the fast segmental motion of the dansyl probe in the presence of arginine. In the present study we examine the influence of ionic surfactants such as SDS and CTAB (cetyltrimethylammonium bromide), and a disulfidebond disrupting agent such as DTT, on the growth kinetics of aggregation, spanning over several weeks. The critical role played by disulfide bonds in the assembly of HEWL aggregates is a salient feature of the present results. 
Methods

Labelling of protein
HEWL was covalently labelled with dansyl probe using a procedure recommended by Molecular Probes with some modifications, as reported previously [23] . After the reaction, labelled lysozyme was separated from unlabelled dansyl probe by passing the mixture through an Amersham PD-10 desalting column. The protein and dye concentrations were determined by measuring the absorption at 280 nm and 339 nm respectively. The molar ratio of protein/dye in the conjugated protein was kept at ∼ 1:1. The exact location of the label is not important here as we are not interested in residue-specific information.
Sample preparation
The stock of HEWL was freshly prepared before use in 50 mM phosphate buffer (pH 7). For inducing aggregation, this stock was diluted at least 10-fold in 50 mM phosphate buffer (pH 12.2). To observe the effect of additives, stocks of SDS, CTAB and DTT were individually prepared in 50 mM phosphate buffer (pH 12.2). Samples containing DTT were kept sealed to prevent air oxidation. All samples were prepared in deionized water. All experiments were performed at 298 K.
Steady-state fluorescence anisotropy measurements
Steady-state fluorescence anisotropy measurements (G-factor corrected and dark counts subtracted) were carried out in a JobinYvon Fluoromax-3 spectrofluorimeter equipped with automated Glan-Thompson polarizers and a PMT operating at a voltage of 950 V in photon counting mode. Dansyl-labelled HEWL was excited at 370 nm (slit width = 1 nm) and emission at 444 nm was collected with a slit width between 4 and 8 nm. The background intensity from Raman scatter or buffer was negligible (< 5 %) compared with sample emission intensity under identical conditions. Each steady-state anisotropy value measured is an average of at least three independent measurements.
Time-resolved fluorescence lifetime and anisotropy
Nanosecond time-resolved fluorescence intensity and anisotropy decay were observed using the Fluorocube (IBH) employing the time-correlated single-photon counting method. The instrument was equipped with motorized polarizers and an IBH TBX04 photon-detection module. Samples were excited with pulses from 370 nm NanoLED having a temporal width of 1.3 ns (full width at half maximum) and a repetition rate of 1 MHz. A neutral density filter [OD (optical density) = 3] was used to attenuate excitation light. To block the long wavelength contribution from the 370 nm light source, a Schott UG-1 filter was used. Emission was detected after passing it through a Schott 420 nm longpass filter to block excitation photons. Fluorescence-intensity decay was collected in 1024 channels with a temporal resolution of 0.113 ns/channel. Peak counts were between 10 000 and 15 000 for all experiments. Peak counts in blank solutions were comparable with the background.
For fluorescence lifetime measurements, emission was collected at the magic angle (54.7
•
). Fluorescence intensity decays were analysed using IBH DAS6 decay analysis software based on the multi-exponential model given below (eqn 1):
Here I(t) is the fluorescence intensity at time t and α i is the fractional amplitude of the ith fluorescence lifetime, τ i , such that
For time-resolved fluorescence anisotropy measurements, emission was collected at directions parallel (I ) and perpendicular (I ⊥ ) to polarization (vertical) of the excitation beam. Anisotropy was calculated from the expression below (eqn 2):
Here G(λ) is the geometry factor which is the ratio of the sensitivity of the detection for vertical to horizontally polarized light. In our experiments G(λ) was experimentally determined to be 1.0 + − 0.02. The anisotropy decays were analysed based on the model below [24] (eqns 3-5): Figure 2 The errors in the values reported for ϕ 1 are within 10 %, whereas those for ϕ 2 are 5 %, based on results from multiple experiments. Table 1 . The calculated decay obtained by reconvolution of the observed IRF (instrument response function) with the chosen decay model (using estimated decay parameters) was fitted to the observed experimental decay profile using the method of iterative reconvolution [25] . Non-linear least-square fitting based on the Marquardt method was performed to extract the best value for the decay parameters in both the intensity and anisotropy decay models above. The goodness-of-fit were evaluated on the basis of reduced χ 2 and randomness of residuals. In the case of timeresolved anisotropy decay, I and I ⊥ were analysed globally using the measured IRF. As the fits with two rotational correlation times (ϕ 1 and ϕ 2 ) were satisfactory, the number of rotational components were not increased further. Additionally, anisotropy decay fits were constrained to yield a steady-state anisotropy value that was close to the independently measured value using a steady-state spectrofluorimeter [24, 26] .
ANS-binding assay
HEWL (75 μM) was present in 50 mM phosphate buffer (pH 12.2), 50 mM phosphate buffer (pH 12.2) with 20 mM DTT or 50 mM phosphate buffer (pH 7) with 20 μM ANS. The sample was excited at 380 nm (slit width = 1 nm), and subsequent emission between 400 and 600 nm (slit width = 8 nm) was observed at different times using a Jobin-Yvon Fluoromax-3 spectrofluorimeter. The background intensity from Raman scatter or buffer was negligible (< 5 %) compared with the sample emission intensity under identical conditions. The integrated fluorescence is the average area of three independent emission spectra after subtracting the blank emission. The values reported are averaged over multiple sets of experiments.
ThT-binding assay
For ThT assays, an aqueous solution of ThT filtered through a 0.45 μm filter was diluted with freshly prepared glycine buffer (20 mM glycine, pH 8.5). Protein [incubated at pH 12.2 with or without additives (3 mM CTAB or 20 mM DTT) or pH 7, for a specified duration] was diluted with ThT (in glycine buffer, pH 8.5 as above) in a manner such that the molar ratio of protein/ ThT was ∼ 1:2 as described previously [27] . The protein was typically ∼ 12 μM in the assay medium. The sample was excited at 450 nm (slit width = 1 nm), and subsequent emission between 470 and 550 nm (slit width = 5 nm) was observed using a Jobin-Yvon Fluoromax-3 spectrofluorimeter at the different time intervals indicated. Other conditions and procedures are similar to those described for the ANS-binding assay.
Size-exclusion chromatography
Gel-filtration experiments were performed with Sephadex G-50 matrix at 298 K. A matrix with a fractionation range up to ∼ 66 kDa was chosen to clearly distinguish the small oligomers of HEWL from the large assemblies that eluted through the void volume. The matrix was packed in a column (1 cm × 50 cm; Econo-column ® , Bio-Rad). The total volume of matrix in the column was 32 ml. The column was washed with the elution buffer (50 mM NaH 2 PO 4 at pH 7), employing three times the matrix volume, before loading every fresh sample. Typically ∼ 250 μl of sample was injected for every run. Size-exclusion chromatography experiments were performed using the Biologic LP Chromatography system (Bio-Rad) equipped with a peristaltic pump and UV optics module permitting detection of eluant using the absorbance at 280 nm. Elution of Blue Dextran (2000 kDa) under conditions identical with that employed for HEWL experiments revealed a void volume (V o ) of 14.5 ml. Molecular-mass standards cytochrome c (12.4 kDa), carbonic anhydrase (29 kDa) and BSA (66 kDa) showed elution peaks (V e ) at 24.2 ml, 19.1 ml and 15.3 ml respectively, under identical conditions, giving a linear calibration curve (log of the molecular mass versus V e /V o ) in the molecular-mass range 12.4-66 kDa (see Supplementary Figure S5 at http://www.BiochemJ.org/bj/415/ bj4150275add.htm). Higher molecular-mass-standards, namely alcohol dehydrogenase (150 kDa) and β-amylase (200 kDa) showed elution peaks centred at 15.3 ml and 14.9 ml respectively. For all experiments the flow rate was kept constant at 0.120 ml/min. AFM HEWL samples (10 μl) were added on to freshly cleaved mica in the presence of 10 mM Mg 2+ . After a few minutes, these were rinsed with deionized water to remove unadsorbed sample and were dried under nitrogen. Images were acquired under MAC MODE (non contact) in a Picoplus AFM (Molecular Imaging). HEWL incubated in the presence of SDS and CTAB was eluted through Amersham PD-10 columns to remove free surfactants prior to imaging.
Estimation of free thiol groups
The presence of free thiol groups in HEWL was monitored by reacting DTNP with the protein [28] . The pyridine derivative, owing to its uncharged nature, is proven to be better suited to access the buried thiol groups in protein compared with the more popular benzoic acid derivative (DTNB), which has two negative charges [29] . A 3 mM stock of DTNP was prepared in DMSO for this purpose. In the reaction buffer [100 mM phosphate buffer (pH 7)], 50 μM DTNP was mixed with 6 μM or 12 μM HEWL (diluted from 120 μM HEWL in pH 12.2 phosphate buffer). The mixture was stirred in a vortex mixer for 15 min. The formation of the product, 5-nitropyridine-2-thione, was confirmed from the characteristic absorption peak near 387 nm where the reactant (DTNP) has negligible absorption. The concentration of free thiol groups was determined by calibrating the absorbance at 387 nm with a standard plot generated using known concentrations of L-cysteine amino acid (0-100 μM) under identical conditions (see Supplementary Figure S6 at http://www.BiochemJ.org/bj/ 415/bj4150275add.htm).
CD spectroscopy
CD spectra of HEWL were recorded using a Jasco J-715 spectropolarimeter equipped with a peltier-controlled cell holder. Spectra at 298 K were collected using a rectangular quartz cell of 1 cm path-length from 200-300 nm with a bandwidth of 1 nm, a response of 1 s and a scan speed of 20 nm/min. All spectra were recorded by diluting the incubated 120 μM HEWL samples by ∼ 60-fold in 50 mM phosphate buffer (pH 7). The spectra could not be measured at pH 12.2, owing to the large absorption by buffer alone at wavelengths below 230 nm. All of the displayed spectra are blank subtracted and averaged over at least four scans.
Activity assay
The HEWL activity was assayed as described by Davies et al. [30] . A stock solution of M. lysodeikticus (2.34 mg/ml) was freshly prepared in water and diluted finally to 78 μg/ml in assay buffer [50 mM phosphate buffer (pH 7), ionic strength 0.05]. HEWL (120 μM) incubated in pH 12.2 alone or with 14 mM SDS, 20 mM DTT or 80 μM HEWL with 3 mM CTAB were diluted such that the final concentration of protein in the assay medium containing M. lysodeikticus was 70 nM. Lysozyme activity was determined by measuring the initial rate of decrease (slope for the first 30 s) in the absorbance at 450 nm at 298 K using a Cary 100 double-beam spectrophotometer (see Supplementary 
RESULTS AND DISCUSSION
Structure and dynamics of HEWL oligomers
First we present the results that reveal information about the oligomeric state of HEWL in solution as a function of time, in response to incubation at different conditions, namely pH 7, pH 12.2 and pH 12.2 with additives such as SDS, CTAB or DTT. To obtain this information, we measured the fluorescence anisotropy of the dansyl probe that is covalently tagged to the protein. Fluorescence anisotropy, owing to its sensitivity and specificity, is a unique technique to observe fluorophore dynamics in solution at a nanosecond time-scale [25] . Long-lifetime fluorescent probes (such as the dansyl group) are particularly suited for providing a broad time window (typically with an upper limit equal to ten times the mean fluorescence lifetime) to monitor the slow overall tumbling motion of large multimeric aggregates as shown previously by us [23] . Fluorescence anisotropy, employing tryptophan residues [24] , fluorescein [31] , naphthalene derivatives [32] and Cascade Yellow [33] as probes has been employed previously to monitor protein aggregation. Both steady-state and time-resolved fluorescence techniques were employed to arrive at the conclusion through independent experiments.
Steady-state fluorescence anisotropy at short times with 40 μM HEWL Steady-state fluorescence anisotropy (r ss ) serves as a quick indicator of fluorophore rotational motion [34] . A small fluorescent molecule that is freely and rapidly tumbling in solution will have an r ss that is almost zero. An increase in r ss indicates slower depolarization of fluorescence emission owing to slower Brownian rotational motion, provided the fluorescence quantum yield remains invariant. In Figure 1 , the r ss of the dansyl probe conjugated to HEWL is shown as a function of time after exposure to alkaline pH (pH 12.2) under different conditions. In the absence of any additive (control), the r ss showed a gradual increase with time, reaching a saturation point at ∼ 0.15 at ∼ 360 min and remaining steady thereafter as observed after a night long (∼ 12 h) incubation at room temperature (referred as 'overnight incubation'; room temperature is 25
• C). However, in the presence of additives such as 14 mM SDS, 3 mM CTAB and 20 mM DTT, we noticed a clearly different trend in r ss with time. In contrast with the control, r ss displayed a decreasing trend over time, in the presence of additives. Importantly, all of the three additives were effective in reducing the r ss of HEWL after overnight incubation as compared with the control.
The r ss is a function of fluorescence lifetime and the rotational correlation time of the fluorescent probe [25] . In order to meaningfully interpret the above results, time-resolved fluorescenceintensity decay measurements of the dansyl-conjugated HEWL were carried out. The mean fluorescence lifetime of dansylconjugated HEWL under different conditions is shown in Supplementary Figure S8 (at http://www.BiochemJ.org/bj/415/ bj4150275add.htm). The results for 40 μM HEWL show that in the absence of any additive the dansyl probe displayed an almost similar lifetime (∼ 13 ns) at pH 12.2 and pH 7, which remained almost invariant with time. Therefore in Figure 1 the increase in r ss in the absence of any additive at pH 12.2 indicates a progressively slower rotational motion for the dansyl group, owing to the gradual growth of aggregates, consistent with our previous results [23] , and serves as the control. The presence of 14 mM SDS had a negligible influence on the mean lifetime at different time points. A higher r ss in Figure 1 , at t = 0 min, in the presence of SDS (∼ 0.12) when compared with the control (∼ 0.085), indicated restricted motion for the dansyl probe. The decrease in r ss with time in the presence of SDS, later on, suggested a relatively unhindered motion of the dansyl group, perhaps owing to a lesser propensity for aggregation. The presence of 20 mM DTT reduced the mean lifetime marginally to ∼ 10.5 ns, possibly due to quenching by the sulfur. However, the magnitude of the lifetime remained almost invariant with time. The low value of r ss (at t = 0), in the presence of DTT (∼ 0.09) indicated a relatively unrestricted motion of the dansyl probe. In fact, the state of the protein, at t = 0, in the absence and presence of DTT appears to be similar. The decrease in r ss over time signified free rotational motion for the dansyl group in the presence of DTT. A low r ss (∼ 0.07) after overnight incubation in the presence of DTT indicated a monomeric protein as this is close to the r ss of 0.06 for monomeric HEWL [23] . In the presence of 3 mM CTAB, the increase in mean lifetime from ∼ 11 ns initially to ∼ 12 ns at 100 min is the origin for the decrease in r ss from ∼ 0.14 to ∼ 0.12 in the same interval. As with DTT and SDS, the low value of r ss in the presence of CTAB (at 100 min and beyond) hints at a significant decrease in HEWL aggregation compared with the control.
The mean fluorescence lifetimes at pH 12.2 in the presence and absence of additives with higher concentrations of HEWL (80 and 120 μM) and in the absence of additives at 20 μM HEWL are also shown (see Supplementary Figure S8 at http://www.BiochemJ.org/bj/415/bj4150275add.htm). With the exception of experiments performed in the presence of CTAB, no significant change in the mean lifetime is observed in other cases in comparison with the mean lifetime observed under similar conditions at 40 μM HEWL. Thus concentration-dependent changes in mean lifetime can be ruled out in these cases. The changes in fluorescence lifetime of the dansyl probe in the presence of CTAB may arise from binding and subsequent electrostatic interaction between positively charged CTAB and negatively charged HEWL at pH 12.2 [35] . As expected for a protein surfactant system, this interaction is more pronounced at higher protein concentrations, resulting in a reduced mean lifetime at 80 μM (∼ 8.5-9.0 ns) compared with 40 μM (11-12 ns). This is supported by initial experiments with 120 μM labelled HEWL and 3 mM CTAB at pH 12.2 which led to precipitation, probably owing to formation of an electroneutral complex. However, increasing the surfactant to protein ratio (using 80 μM protein) subsequently solubilized this complex. Thus results shown in Figure 1 demonstrate that r ss measurements can serve as a quick and convenient approach to track the inhibition of protein aggregation, provided that the fluorescence lifetimes are fairly invariant, as shown in the present study. We employ r ss later to monitor aggregation over long time intervals.
Fluorescence anisotropy decay results
In order to obtain a deeper insight into dynamic events that affect the progress of aggregation, time-resolved fluorescence anisotropy decay measurements were performed with 80-120 μM of dansyl-labelled HEWL. A higher protein concentration was chosen to specifically magnify the effect of different additives on the progress of aggregation. Time-resolved fluorescence anisotropy decay fits reveal the multiple Brownian rotational motions (and their fractional amplitudes) that contribute to the total fluorescence anisotropy decay of the fluorophore conjugated to protein [25, 34] . For a dansyl-conjugated protein, the two possible rotational motions are: (i) the FAST motion of probe about the point of attachment to the protein (most probably the lysine sidechain), termed as segmental motion, and (ii) the slow motion of the whole protein (tumbling), which can reveal information on the overall size (volume) of the protein or protein complex, termed as global motion. In cases where the protein is well folded (globular), such that segmental motion is restricted by steric constraints, the amplitude of segmental motion can be negligible or even zero. In such cases, the anisotropy decay of the probe is fully accounted for by the tumbling of the whole protein alone. Figure 2(A) shows the time-resolved fluorescence anisotropy decay of dansyl-tagged HEWL (120 μM) at pH 7 after 30 min and 1600 min of incubation at room temperature. No significant change in the rate of anisotropy decay is visible between the two observations widely separated in time. Importantly, the anisotropy, r(t), decays to zero after ∼ 20 ns, indicating the absence of residual anisotropy (r ∞ ). The decay fitted well to a single exponential with a rotational correlation time ∼ 4 ns (see Table 1 , items 1 and 2), accounting for tumbling of the whole protein that is fully monomeric. This value is consistent with the previously reported value (3.8 ns) for native lysozyme [36] . Therefore the overall three-dimensional structure of the protein in the native state is intact and unchanged during the long duration of incubation. Figure 2 (B) shows the anisotropy decay of HEWL (120 μM) at different times subsequent to incubation at pH 12.2. It is worthwhile to look at r(t) at longer times (∼ 30 ns), which we term as the residual anisotropy (r ∞ ). We observed a small but significant r ∞ (∼ 0.03) at 30 min. As time progressed (360 min), this value rose significantly (> 0.10) and subsequently remained constant until the following day (1500 min). The details of the fits yielded by these traces are displayed in Table 1 (items [3] [4] [5] . Looking at the fast rotational component, a value of ∼ 2.4 ns (amplitude of 0.44) is observed at 30 min. Subsequently at 360 min, this component is slowed down (∼ 5 ns), and it remained fairly slow (∼ 5 ns) thereafter at 1500 min. A minor increase in the amplitude of this component (from 0.26 to 0.38) is seen after overnight incubation. Thus it is clear that dansyl segmental motion, which was initially fast and free, is slow and hindered later on as time progresses. Next Table 1 for the decay parameters recovered from the fitted traces.
we looked at the slow component, which has a correlation time of ∼ 10 ns initially. This could arise from the global tumbling motion of a small oligomer of HEWL or from an extended topology of a misfolded monomer. At 360 min, a major increase in magnitude of this component was observed (∼ 70 ns), highlighting the formation of large multimeric HEWL aggregates. At later times (1500 min) this value stabilized to ∼ 60 ns with a minor change in amplitude, suggesting a possible reorganization in the aggregate make-up after overnight incubation. A slow segmental motion of dansyl probe, perhaps owing to dense molecular packing in the aggregate, coupled with a substantially slower global rotational motion owing to a larger size of aggregate, serves as a characteristic feature of HEWL aggregates. A 6 h exposure to alkaline pH thus seems sufficient to trigger formation of large aggregates in HEWL. This result serves as a control for different manoeuvres that follow to inhibit the process of aggregation.
In Figure 2 (C), the influence of 14 mM SDS on the aggregation kinetics of HEWL is shown. The decay data at 30 min revealed significant r ∞ (∼ 0.04), which at 360 min, and later on at 1500 min, is clearly decreased (∼ 0.02). It is obvious that the presence of SDS significantly impedes the progress of aggregation. In Table 1 (items 6-8) the fitted parameters for each of the traces are shown. A fast segmental motion (2.1 ns) observed at 30 min with an amplitude of 0.29 is slightly slowed, but prevalent at 360 min (2.4 ns) and 1500 min (2.8 ns) also, albeit with a significantly higher amplitude (0.55-0.58). This indicates that the dansyl group has fairly unrestricted segmental mobility at later times. The slow rotational component at 30 min (9.4) is similar to that observed in the control at same stage. At 360 min and beyond, a ∼ 14 ns component is observed. These results may be accounted for by an oligomeric HEWL with loose molecular packing and perhaps bound SDS micelles. Table 1 (items 9-11) shows that at 30 min, a 2.2 ns fast segmental motion is evident, quite similar to the control at this stage. However, this component becomes faster (1.5 ns) at 360 min with an almost similar amplitude. After 'overnight incubation', a 1.3 ns component is observed with a marginal rise in amplitude. Undoubtedly, the dansyl segmental motion is unhindered and fast in HEWL in the presence of CTAB as time progresses. In addition, the slow rotational component displays a decreasing trend (faster tumbling) from 14 ns to 10 ns. Taken together, these results imply that HEWL exists as a loosely packed oligomer, whose aggregation propensity is diminished in the prolonged presence of CTAB. Bulk viscosity measurements with a viscometer indicated no significant change in the solution viscosity in the presence of either 3 mM CTAB or 14 mM SDS, ruling out higher viscosity as a cause for slow overall tumbling (10-14 ns) of the protein. 2. An excess of DTT was employed to compensate for losses over time. Examining the raw data, it is clear that r ∞ for the trace at 30 min is < 0.05 at 30 ns. At later stages (360 and 1400 min), the r ∞ values show a decreasing trend, whereas a fast component in the decay is evident. Looking at items 12-14 in Table 1 , we observed that the fast rotational component varied between 1.2 ns (30 min), 1.9 ns (360 min) and 1.4 (1400 min). Importantly, the amplitude of this fast segmental motion seemed to rise from 0.45 to 0.80. It is obvious that, in the presence of DTT, dansyl segmental motion experienced almost complete freedom as time progressed.
The slow rotational component varied between 7 and 8 ns with a concomitant decrease in its amplitude owing to the dominant influence of the faster depolarization by the dansyl segmental motion. A 7-8 ns correlation time is likely to arise from an elongated monomeric protein.
In order to investigate the influence of low monomer concentration on dynamics of the aggregates, we carried out experiments with 20 μM lysozyme. Figure 2(F) shows the anisotropy decays observed at 30, 360 and 1500 min of exposure to pH 12.2. The r ∞ in the raw anisotropy decay traces revealed a minor increase at 360 min compared with 30 min. The size of the aggregates appeared small even at 1500 min, whereas the progress of aggregation was clearly slow. The decay parameters are listed in Table 1 , items 15-17. In contrast with a higher monomer concentration (120 μM in Figure 3B ), the amplitude for the fast segmental motion (0.55) at 30 min was significantly higher, indicating a relatively unhindered mobility. As time progressed, this rotational component became noticeably faster (∼ 1.3 ns) retaining significant amplitude quite unlike the ∼ 5 ns component at the higher monomer concentration where segmental motion was slowed down and restricted as time progressed. The slow component showed a value of approx. 11-12 ns at 360 min and later, indicating a small oligomer in contrast with the large multimeric aggregate (∼ 60 ns) observed at a higher monomer concentration. It is thus apparent that a low monomer concentration has a critical impact on the aggregation growth kinetics as would be expected for a concentration-dependent phenomenon.
Thus the dansyl rotational correlation times from time-resolved anisotropy decay serve as an excellent indicator of the progress of HEWL aggregation. The tight molecular packing which slowed and restricted the dansyl segmental motion at pH 7 and pH 12.2 in the absence of additives is clearly slack in presence of SDS, CTAB or DTT, enabling free and fast dansyl segmental motion.
Steady-state fluorescence anisotropy at long times
The results shown in Figures 1 and 2 and Table 1 were confined to a time window spanning from 0 to ∼ 1600 min only. It is imperative to extend the observations to longer time periods of incubation since several reports [16, 37] suggest that aggregates are likely to show up after several days or weeks of lag period also. For this purpose we employed the r ss once again under experimental conditions identical with those in Figures 2(A)-2 
(E). Figure 3(A)
shows the variation in r ss of dansyl-conjugated HEWL as a function of time, at pH 7 and on exposure to pH 12.2 under different conditions. At pH 7, the r ss remained fairly constant at approx. 0.07 for several days, suggesting no change in the protein oligomeric state. At pH 12.2 in the absence of any additive, the r ss showed a tendency to remain constant at approx. ∼ 0.15 for several weeks suggesting that the aggregates were stable and intact as time progressed from days to weeks. Importantly, at pH 12.2, in the presence of additives (SDS, CTAB or DTT), the r ss showed no signs of any increase later, ruling out the possibility of a lag phase in aggregation in the presence of additives.
CD spectra
To obtain more molecular details on the aggregation process, we observed the secondary structure of HEWL under conditions of alkaline incubation. Unfortunately, direct monitoring at pH 12.2 was not possible owing to the large amount of absorption by buffer alone in the far-UV region (see Supplementary Figure S9B at http://www.BiochemJ.org/bj/415/bj4150275add.htm). Figure 3(B) shows the CD spectra of HEWL under the conditions employed in the present study after incubation for 37 days. At pH 7, a characteristic spectrum for α-helices in the protein is seen with a negative band at 208 nm and a shoulder near 222 nm. At pH 12.2 in the absence of additives, a pronounced decrease in helical content was evident relative to pH 7, based on the decrease in molar ellipticity over a wide range of wavelengths. In the presence of CTAB and DTT at pH 12.2, the protein appears further less helical. However, in the presence of SDS, the helical content appears much more than was observed with HEWL at pH 12.2, whereas it is a shade more than at pH 7. These observations are consistent with the known ability of SDS to promote helix formation.
The relatively longer rotational correlation time of dansyl probe in the presence of SDS (∼ 14 ns) and its high r ss after 720 h is consistent with the ordered helical structures observed by CD. The fast rotational motions observed in aggregates in the presence of CTAB or DTT (7-10 ns) along with their low r ss after 720 h, are in line with their relatively more unfolded structures observed in CD, compared with pH 12.2 alone or in the presence of SDS. As shown in Figure 3(B) , β-sheet does not appear prominent at pH 12.2 in the absence of additives. It is likely that amyloid fibrils constitute a minor fraction in a mixture of globular aggregates and amyloid fibrils that exist at pH 12.2 after several weeks of incubation.
Previous work on the effect of pH on the secondary structure of HEWL has revealed two structural transitions. The first occurs at acidic pH [16] , between 3.8 and 2.0, accompanied by a small reduction in α-helical content. This transition also coincides with an increase in protein-protein interactions at pH 3 as measured by AFM [16] . A similar decrease in ellipticity at 222 nm has also been reported by another group at pH 1.5 compared with pH 7 [38] . The second transition occurs at alkaline pH [39] , between pH 11 and 13, accompanied by a pronounced decrease in mean residue ellipticity similar to our observations at pH 12.2. It has been proposed that at pH 12.75 HEWL exists as a partly reversible molten globule state, whereas at pH 13.2 it is irreversibly unfolded. The pH 12.75 state has been shown to have increased ANS fluorescence and increased solvent exposure of tryptophans, quite similar to our observations at pH 12.2 [39] .
Size and morphology of oligomers
Size-exclusion chromatography
The dansyl fluorescence anisotropy data do not reveal the size/ shape heterogeneity among the aggregate population. For this purpose, gel-filtration experiments were carried out using unlabelled HEWL samples incubated previously for different durations under different conditions. However, as the gel-filtration experiment itself takes a few hours to complete, it was chosen to monitor irreversible changes in protein size/shape in the timescale of days. The elution volume of a protein species in a gel-filtration experiment is a good indicator of the overall protein size and shape.
The elution profile for HEWL incubated at pH 7 revealed a gaussian profile with an elution peak in the vicinity of ∼ 30 ml. This value is in the range expected for a monomeric, but not exactly globular, HEWL (14.3 kDa). No aggregation was observed in HEWL incubated at neutral pH for 6 days (see Supplementary Figure S5B at http://www.BiochemJ.org/bj/415/bj4150275add. htm).
Figure 4(A) shows the elution profiles observed for HEWL incubated at pH 12.2 for different durations. At 24 h, a broad asymmetrical elution profile was seen with a peak at ∼ 26 ml. A tiny bump is barely noticeable at ∼ 15 ml, whereas at larger elution volumes between 37 and 47 ml a small shoulder is also observed. It is interesting to observe the changes in this elution profile as we gradually increased the duration of exposure to pH 12.2. At 48 h, the distribution began to acquire a bimodal shape, whereas the elution peak had clearly shifted to ∼ 22.7 ml, the shoulder at 37-47 ml is much less pronounced and the bump at ∼ 15 ml is now a distinct shoulder. At 72 h, a third species began to appear as a small shoulder near ∼ 18 ml, whereas the elution peak remained at ∼ 22.6 ml. At 96 h, two peaks at ∼ 15.7 and ∼ 21.5 ml were evident. As time progresses to 120 h and later 144 h, the peak at ∼ 15 ml began to grow taller, whereas the other peak at ∼ 21 ml was proportionally reduced in height. Also both of the peaks are marginally shifted to ∼ 14.8 ml and ∼ 21 ml respectively at 144 h. At 288 h, we observed that the elution profile was fairly similar in shape to that observed at 144 h, but the peaks were now shifted to ∼ 14.5 ml and ∼ 20 ml. The species eluted at ∼ 14.5 ml must be a large aggregate, as this matches with the elution of Blue Dextran through the void volume. In contrast with pH 7, HEWL at pH 12.2 displayed time-dependent changes in the elution profile that clearly reflect multiple aggregate species with varying size/shape, redistribution of population among the different aggregate species with the passage of time and the steady growth of a large aggregate that begins to acquire prominence from 120 h onwards. This dramatic reorganization in aggregate make-up was not revealed from steady-state dansyl fluorescence anisotropy data ( Figure 3A) , possibly owing to time and ensemble averaging. Resolving unambiguously, the multiple (> 2) rotational species arising from a mixture of multiplesized aggregates is not feasible using time-resolved fluorescence anisotropy, owing to limitations in data analysis and high signalto-noise ratio required in data for such purpose. Figure 4 (B) displays the elution profile of 120 μM HEWL incubated at pH 12.2 in the presence of 14 mM SDS. At 94 h, we observe a tall and narrow distribution at ∼ 14.5 ml. This indicates elution of a large-molecular-mass species through the void volume of the matrix. At 192 h, the tall profile persists, although it is now shifted to ∼ 15.7 ml. At 289 h, the profile is nearly identical with that at 192 h, except for a minor shift to ∼ 15.4 ml. The shifts observed over subsequent days may perhaps be attributed to structural reorganization within the HEWL-SDS complex. The minor peak at ∼ 38 ml may arise from elution of protein-free SDS molecules that exist. It is worth mentioning that, unlike previous studies [40] , the surfactant (SDS) and the protein (HEWL), with a pI near ∼ 11.3 [41] , are both negatively charged here. In a similarly charged system, it has been shown previously [42] , using NMR relaxation rates, that protein-surfactant micellar complexes are larger than protein-free micellar aggregates. It has also been argued that the micelle-like interaction between SDS and HEWL at high pH is hydrophobic in nature [35] .
Figure 4(C) shows the elution profile of 80 μM HEWL incubated at pH 12.2 in the presence of 3 mM CTAB. At 111 h, we observed a broad elution profile with a peak at approx. ∼ 20 ml. A small shoulder is visible between 30 and 40 ml, whereas another rising profile is observed from 40 ml onwards. At 208 h, the elution profile is slightly broader, but otherwise fairly similar to that at 111 h except for the profile after 30 ml. At 304 h too the elution profile is a bit broader, but otherwise similar to 111 h. It is likely that the HEWL-CTAB complex that is heterogeneous in size and shape accounts for the broad elution peak at ∼ 20 ml. Overall, an elution peak at ∼ 20 ml hints that the protein is relatively smaller and compact in the presence of CTAB, in contrast with SDS. A fairly similar profile at three different times indicates that no major time-dependent changes in aggregate size/shape are occurring in the presence of CTAB. The elution observed beyond 35 ml is likely to originate from protein-free CTAB molecules. Figure 4 (D) exhibits the elution profile of 120 μM HEWL incubated in the presence of 20 mM DTT. At 136 h, we observed a broad elution peak at ∼ 23 ml with a small shoulder ∼ 15 ml. As we move to 232 h, this broad peak shifted to ∼ 25.5 ml, whereas a tiny peak is barely visible at approx. ∼ 15 ml. At 327 h, this elution peak shifted further to ∼ 26.5 ml, whereas the tiny peak at ∼ 15 ml was fairly intact. At all three time points we observed a major elution peak constantly at approx. ∼ 43 ml that originated from DTT molecules. The peaks observed between 23 and 26.5 ml and at approx. ∼ 15 ml at different time periods arises from HEWL. The increasing trend in peaks of elution volume (23-26.5 ml) from 136 to 327 h suggests that HEWL is becoming more compact as time progresses. An elution peak in the range of 23-26 ml implies that a predominant fraction of the HEWL population is likely to be compact and monomeric in the prolonged presence of DTT. A tiny population of HEWL aggregates or perhaps completely unfolded HEWL may account for the tiny peak at ∼ 15 ml. It is quite obvious that DTT has a strong influence in halting the progress of HEWL aggregation at alkaline pH.
AFM imaging
To visualize the morphology of mature aggregates and corroborate the gel-filtration results above, we imaged the HEWL samples using AFM. Figure 5 (A) shows HEWL at pH 7 which appears monomeric as expected. Figure 5(B) shows the heterogeneity in size and shape among aggregates of HEWL after 120 h of incubation at pH 12.2 in the absence of any additive. In the presence of SDS ( Figure 5C ), an outer layer of bound micellar SDS is quite evident. Small clusters among these big aggregates are also seen. Unlike other samples in Figure 5 , the z profile in Figure 5 (C) was as high as 200 Å (1 Å = 0.1 nm), whereas these were limited to 40 Å in all others. These observations were consistent with the large species that eluted through the void volume in gelfiltration analysis ( Figure 4B ). In contrast, Figure 5 (D) revealed relatively smaller, unbound and single aggregates in the presence of CTAB, in line with the higher elution volumes obtained in Figure 4 (C). Figure 5 (E) shows that in the presence of DTT, the aggregates are predominantly monomeric (similar to Figure 5A ), consistent with the earlier results. In Figure 5 (F), long threadlike structures (∼ 20 nm diameter) were observed after prolonged incubation (170 h) in the absence of additives. These resemble the amyloid fibrils and contribute to the enhanced ThT fluorescence (see below).
It is interesting to learn that although the aggregates appear physically large in the presence of surfactants, their molecular packing appears loose and disorganized as evidenced from the fast segmental motion of the dansyl group. A reasonably fast (10-14 ns) global motion observed in the presence of CTAB/SDS cannot be accounted for by the tumbling of the big aggregates seen in AFM images ( Figures 5C and 5D) . A fast global motion is feasible from the tumbling of individual monomers of HEWL that are soaked up in a fluid micellar environment. The AFM images might thus be revealing the conglomeration of HEWL monomers in the presence of surfactants. Presence of such surfactantmediated protein networks have been proposed previously for the lysozyme-SDS system [40] .
ThT fluorescence
To ascertain the amyloid characteristics of the aggregates formed, ThT-associated fluorescence was measured as a function of time for several days. Figure 6 depicts the plot of integrated ThT fluorescence observed with unlabelled HEWL incubated for different times at pH 7 and pH 12.2 (see Supplementary Fig ure S10 at http://www.BiochemJ.org/bj/415/bj4150275add.htm for spectra). Data prior to 50 h could not be measured owing to precipitate formation by HEWL when transferred to pH 8.5 medium from pH 12.2. We observed a higher intensity and a gradual rise in ThT fluorescence for the pH 12.2 sample as time progressed, hinting at saturation at just approx. ∼ 150 h. In contrast, pH 7 samples revealed a relatively low fluorescence intensity that remained fairly invariant with time. It is therefore likely that amyloid-like aggregates are being formed on prolonged exposure to alkaline pH, but not neutral pH. Here it is worth noting that the peak in ThT fluorescence starting from ∼ 120 h is synchronous with the rise in population of a large species eluted through the void volume in Figure 4 (A).
Next we looked at the influence of additives such as SDS, CTAB and DTT on HEWL aggregation at pH 12.2 as measured by ThT fluorescence. Unfortunately, in the presence of 14 mM SDS but in the complete absence of protein, we observed significant thioflavin T fluorescence [43] . Hence we could not perform this experiment in the presence of SDS. Figure 6 shows that the ThT fluorescence intensity was 5-10-fold less when HEWL was incubated with either 3 mM CTAB or 20 mM DTT at all times between 50 and 200 h. Hence we concluded that the presence of either CTAB or DTT is effective in preventing the formation of amyloid-like aggregates of HEWL on exposure to alkaline pH.
Activity
Demonstration of protein function is a true indicator of the presence of native structure in the protein. Thus far we have shown that the additives SDS, CTAB and DTT are able to arrest aggregation of HEWL, but it is not yet known whether the native protein can be recovered after incubation at pH 12.2 with or without additives. As HEWL is known to be active only in the pH range 6.2-9.2 [30] , we diluted the HEWL samples incubated at pH 12.2 by more than 1000-fold with buffer at neutral pH (ionic strength = 0.05) to observe activity under optimal conditions as reported previously [30] . Figure 7 shows the percentage of HEWL activity that is recoverable from alkaline samples after different periods of incubation, when compared with a freshly made native HEWL sample of an identical concentration whose activity was normalized to 100 %. We observed that although ∼ 70 % activity can be recovered after the first hour of incubation, this value gradually falls as the period of incubation increases, approaching ∼ 20 % after 6 h and later falling to zero after 24 h. Barring the minor amount of activity that was recoverable after 1 h in the presence of SDS, none of the additives employed (SDS,CTAB or DTT) could help in recovering any activity either after 1 h or after 15 days of incubation (see Figure 7 , inset). Recovery of activity in SDS samples suggests that SDS was bound weakly initially, in agreement with the fast dansyl dynamics (∼ 9.4 ns) observed at 30 min of incubation (Table 1 , item 6). In contrast, no activity was recoverable from CTAB samples, as they are tightly bound (ϕ 2 ∼ 14 ns; Table 1 , item 9) owing to electrostatic interactions with oppositely charged HEWL. Thus inhibition of aggregation may not always result in immediate recovery of native structure and function. It is likely that the surfactants are still bound to the protein after dilution, as AFM images suggest, preventing it from attaining a native structure. With the dilution of DTT, oxidation with the correct pairing between the eight cysteine residues may not be immediate and easy either. A more thorough investigation is necessary to determine the best way to recover protein activity from HEWL samples in the presence of additives.
Mechanisms
It is interesting to note that at least 50 % of activity can still be recovered within the first 2 h of alkaline incubation in the absence of additives. This result is consistent with conclusions from our previous studies using fluorescence anisotropy [23] , that aggregation is irreversible after 60 min. The decrease in activity in the first 360 min ( Figure 7 ) correlates with the rise in aggregate population (Figure 1 ) in the same period. The activity is proportional to the concentration of native (monomeric) protein in the medium, whereas the rise in steady-state anisotropy is proportional to the increase in aggregate population in an ensemble averaged measurement. Therefore the decrease in activity clearly arises from formation of soluble aggregates, a process that is slow but clearly irreversible.
DTT and surfactants appear to differ in the mechanism by which they inhibit HEWL aggregation based on two observations (Table 1 and Figure 2 ): (i) although DTT appears rapid and forceful in exerting its influence, the surfactants seem to act gradually; and (ii) with DTT a mostly monomeric protein seems plausible, whereas with surfactants a conglomeration of protein micellar complexes seems more likely. It would be worthwhile to investigate the molecular mechanisms in both these cases more thoroughly.
The increase in HEWL tumbling time (∼ 10 ns) coupled with fast segmental motion (∼ 2.4 ns) immediately after exposure to pH 12.2 (Table 1, item 3) compared with pH 7 (∼ 4 ns) suggests a significant unfolding of the protein in alkaline pH. It is possible that hydrophobic regions of the protein are exposed in this process and act as a driving force for the aggregation process. We decided to investigate this further by monitoring the ANS fluorescence in the presence of HEWL as a function of time after exposure to pH 12.2, as shown in Figure 8 (see Supplementary Figure S13 at http://www.BiochemJ.org/bj/415/bj4150275add.htm for spectra). ANS is known to emit fluorescence only when it is bound to hydrophobic pockets on the protein. Figure 8 reveals that, in contrast with pH 7, the ANS fluorescence rises gradually in the first 6 h coinciding with the growth of HEWL aggregates. After a day-long incubation, a steep rise in ANS fluorescence was evident before saturation later. It is apparent that increasing the exposure of hydrophobic surfaces mirrors the growth of HEWL aggregates. It is therefore quite likely that amphipathic molecules such as SDS and CTAB will favourably bind to these available hydrophobic regions in HEWL thereby not only diminishing their exposure to polar solvent but also halting the aggregation. The concentrations of surfactants employed in the present study are 10-fold higher than the CMC (critical micellar concentration) of SDS (1.36 mM) and CTAB (0.27 mM) in pH 12.2 buffer as measured using pyrene (see Supplementary Figure S11 at http://www.BiochemJ.org/bj/ 415/bj4150275add.htm). Figure 8 also reveals that no ANS binding occurs at pH 12.2 in the presence of DTT consistent with the role of DTT in arresting the aggregation process. ANS experiments could not be performed with HEWL at pH 12.2 in the presence of either 14 mM SDS or 3 mM CTAB, since strong ANS binding to the hydrophobic interior of these micelles completely overwhelms any observable fluorescence arising from ANS binding to protein.
Surfactants have been employed previously as artificial chaperones to facilitate the refolding and improvement of yields of recombinant proteins. The interaction of HEWL with SDS [35, 40] and CTAB [35] has been studied previously. CTAB has been used previously as an artificial chaperone to re-fold denaturedreduced lysozyme in good yields [44] . In a previous study, it has been reported that amphiphilic surfactants such as dihexanoylphosphatidylcholine and diheptanoyl-phosphatidylcholine inhibit amyloid fibril formation in Aβ- peptide at physiological pH [45] .
It is known that prolonged exposure to alkaline pH can result in slow hydrolysis of the peptide bond. The 16-day-old HEWL samples in pH 12.2, both in the presence and absence of additives and a 38 h-old sample of HEWL in pH 12.2 with 20 mM DTT, were analysed by electrophoresis using Tricine/SDS/PAGE (16 % gel) [46] to ascertain this. A small fraction of bands corresponding to a molecular mass less than 14.3 kDa was visible in all alkaline samples (see Supplementary Figure S9A at http://www.BiochemJ. org/bj/415/bj4150275add.htm). As expected for a slow hydrolysis, the fragments were relatively less prominent at 38 h with DTT compared with the 16-day-old sample with DTT. In Figure 4 (D), the shift of elution peak by 2-3 ml, towards a higher volume after 232 and 327 h in comparison with peak at 136 h, may have a contribution from protein fragmentation. The major fraction of the bands in all samples showed a mass equal to or higher than 14.3 kDa. The gel also revealed that although large aggregates exist in HEWL pH 12.2 control after 16 days, these were clearly absent in the presence of SDS, CTAB and DTT. In addition, electronic absorption at 210 nm, where the peptide bond has a major contribution, revealed no significant change in absorbance of HEWL samples (diluted 300-fold in deionized water from 120 μM sample) after 4, 5, 9, 20 and 31 days of incubation at pH 12.2, compared with the same concentration of freshly prepared HEWL samples in water (see Supplementary  Figure S9B for spectra). A significant population of protein fragments in pH 12.2 control samples would have resulted in a reduced steady-state anisotropy, a higher amplitude for short correlation time and much faster segmental motion. However our observations in Figures 1, 2 (B) and 3 and Table 1 (items [3] [4] [5] are in contrast with this. Thus fragmentation of HEWL during incubation at pH 12.2 is minimal and does not affect the results of the present study in any major way.
The potent influence of DTT in halting aggregation is a salient result from our experiments. This could imply that aggregates are stabilized by disulfide bonds. It is known that disulfide bonds can get cleaved under alkaline conditions [47] , subsequently these may get oxidized again with a different cysteine thiol group leading to disulfide scrambling and intermolecular disulfide bonds. To ascertain whether this was occurring, we estimated the concentration of free thiol present in 6 μM HEWL after different periods of incubation at pH 12.2. Figure 9 shows the steady rise in levels of free thiol in the first 3 days of incubation. After 3 days, 85 % of eight thiol groups in HEWL appear free. Subsequently the thiol levels showed saturation over 3-5 days and displayed a gradual decrease after 5 days. The saturation did not arise from stoichiometric limitations as an identical trend, saturating at 78 μM thiol was obtained with 12 μM HEWL also ( Figure 9 ). The decrease observed later may arise from fresh disulfide bond formation, part of which could perhaps be of an intermolecular nature owing to proximity among HEWL molecules in the aggregate. To ascertain the importance of late disulfide bond formation, we added 20 mM DTT to HEWL samples at pH 12.2 after 120 h and observed ThT fluorescence in control and DTT samples. No significant change in ThT fluorescence was observed in a 15-day period (see Supplementary Figure S12 http://www.BiochemJ.org/bj/415/bj4150275add.htm). Thus the presence of DTT from the start seems critical to arrest aggregate growth. Taken together, this could imply that a few disulfide bonds, perhaps intermolecular, are forming even while a majority of them are being reduced in the first 3 days. Figure 10 shows that at least one thiol from every HEWL monomer may be involved in such bonds, making it likely that they are intermolecular. These disulfide bonds may be critical for the assembly and growth of aggregates. The presence of DTT from the start may hinder this process and thus prevent growth of aggregates. Addition of DTT after 120 h may not be effective as the aggregates are already tightly packed and assembled, preventing DTT from gaining any access to the inner core of the aggregate. Interestingly a recent report in β 2 -microglobulin also finds that buried disulfide bonds in amyloid fibrils are quite resistant to reduction [48] .
Thus the aggregation of HEWL at pH 12.2 is initially triggered by exposure of hydrophobic surfaces, whereas later on when the individual monomers are in close proximity the intermolecular disulfide bonds take over in providing the support and stability that is essential to hold the aggregate assembly together. Further experiments employing site-directed mutagenesis are required to investigate the role of specific cysteine residues in the aggregation of HEWL.
There is now, however, growing evidence that the protein aggregates are cross-linked by disulfide bonds. For example, human recombinant resistin is shown to aggregate by forming intermolecular disulfide bonds [49] . Recently it was revealed that insoluble aggregates of Cu,Zn-SOD (superoxide dismutase) related with ALS (amyotropic lateral sclerosis) in spinal cords of transgenic mouse models are cross-linked by intermolecular disulfide bonds [50, 51] . Significant up-regulation of PDI (protein disulfide-isomerase) has been shown to occur in transgenic mutant SOD1 ALS rat models [52] . Inhibition of PDI, which catalyses the formation and rearrangement of intra-and inter-molecular disulfide bonds, has been shown to promote SOD1 aggregation [52] . Interestingly, reduction of disulfide bonds in normal PrP (prion protein; sensitive to protein kinase K, PrP-sen) or PrP (PrP resistant to protein kinase K) [53] . More recently, it was shown that cysteine and DTT inhibit the amyloid fibril formation in β 2 -microglobulin (which contains one disulfide bond) at neutral pH [48] .
The aggregation of HEWL has been extensively studied in the past decade [17] [18] [19] 21] . However, as most of the studies utilize acidic pH to initiate aggregation, there are but few recent reports in alkaline pH. Mohavedi et al. [54] describe β-cyclodextrin as an effective inhibitor of lysozyme fibril formation in the presence of SDS (0.1-2.5 mM) at pH 9.2. Here, unlike in the present study, the presence of low amounts of SDS (most probably non-micellar) triggers fibril formation in HEWL, whereas SDS and HEWL are oppositely charged. Hence it is apparent that the roles of SDS differ depending on the concentration and charge similarity between SDS and the protein. Zhou et al. [55] have shown that it is possible to inhibit amyloid formation in HEWL by crowding the medium with BSA (100 g/l) either alone or mixed with Ficoll 70, while still retaining a considerable amount of activity in HEWL after incubation at pH 2 with 100 mM NaCl for 35 days under constant stirring. As observed in the present study with DTT, Zhou et al. [55] showed that delayed addition (after 12 days) of crowding agents results in poor inhibition of aggregation. Sasahara et al. [56] have used a combination of agitation and heating to successfully form amyloid fibrils of HEWL in the presence of 1 M NaCl at low pH. We too had tried to accelerate the rate of amyloid formation in HEWL by incubating it at 60
• C at pH 12.2 for 25 days. However, these samples revealed a reduced (∼ 50 %) ThT fluorescence in comparison with samples incubated at room temperature (results not shown). Perhaps the increased proteolysis at a higher temperature in alkaline pH may have a role in this. Finally, Mishra et al. [57] have shown that lysozyme amyloidogenesis is promoted by partial acid hydrolysis at pH 1.6, due to formation of nicked HEWL. They argue that nicked HEWL is recruited efficiently into amyloid fibrils. Nicked HEWL appears to be likely in the present study too, given that ThT intensity peaks after 120 h. It is possible that HEWL coated with SDS/CTAB might resist nicking, thereby retarding amyloid fibril formation.
The schematic diagram depicted in Figure 10 summarizes the proposed mechanism for aggregation of HEWL in the presence and absence of additives at pH 12.2. In conclusion we have shown that: (i) aggregation of lysozyme at pH 12.2 is promoted by exposed hydrophobic surfaces initially and later stabilized by intermolecular disulphide bonds; (ii) formation of soluble aggregates abolishes activity; (iii) the rotational dynamics rather than the physical size of the HEWL oligomers, is a key marker of the progress of aggregation; (iv) the aggregates reveal reduced helical content in the absence of additives and in the presence of CTAB or DTT, whereas in the presence of SDS they appear helical as native protein; (v) the molecular packing inside the aggregate is clearly slack when aggregation is inhibited; and (vi) DTT appears more potent in halting the growth of aggregates compared with SDS and CTAB. 
